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Overview

• INT workshop this year: theoretical developments in Neutrino-Nucleus Scattering
• Topics:
• Status of neutrino experimental measurements
• Overview of where consensus exists among the various experimental results and 

where discrepancies prevent a consistent explanation of the data
• Overview of the theoretical approaches and comparisons with experimental 

results
• Nuclear theory, generators, electron scattering data and neutrino scattering data! 

• Thanks to the speakers for the material 
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I. INTRODUCTION

The energy spectrum of high-energy leptons !elec-
trons in particular" scattered from a nuclear target dis-
plays a number of features. At low energy loss !"",

peaks due to elastic scattering and inelastic excitation of
discrete nuclear states appear; a measurement of the
corresponding form factors as a function of momentum
transfer #q# gives access to the Fourier transform of
nuclear !transition" densities. At larger energy loss, a
broad peak due to quasielastic electron-nucleon scatter-
ing appears; this peak—very wide due to nuclear Fermi
motion—corresponds to processes by which the electron
scatters from an individual, moving nucleon, which, after
interaction with other nucleons, is ejected from the tar-
get. At even larger ", peaks that correspond to excita-
tion of the nucleon to distinct resonances are visible. At
very large ", a structureless continuum due to deep in-
elastic scattering !DIS" on quarks bound in nucleons ap-
pears. A schematic spectrum is shown in Fig. 1. At mo-
mentum transfers above approximately 500 MeV/c, the
dominant feature of the spectrum is the quasielastic
peak.

*benhar@roma1.infn.it
†dbd@virginia.edu
‡ingo.sick@unibas.ch

FIG. 1. Schematic representation of inclusive cross section as a
function of energy loss.
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Schematic representation of the inclusive cross section as a function of the energy loss.

• Elastic scattering and 
inelastic excitation of discrete 
nuclear states.

• Broad peak due to quasi-
elastic electron-nucleon 
scattering.

• Excitation of the nucleon to 
distinct resonances (like the Δ) 
and pion production.

Electron-nucleus scattering 
• Electron scattering is used to study nuclear structure
• Basic interaction between the electron and the target nucleus is known
• Clean kinematics, the incoming electron energy is known
• For electron scattering data, flux is known to 1%

• Measurements are performed as a function of the electron energy loss 𝛚=𝛜1-𝛜2

Electron Scattering 
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are defined by  P .  = (P, iE) and k = (k, ie). Thus : 

P~,2=--MT~ . . . . . . . . . .  (2.1) 
and since 

.P , '=P~, -q , , ,  . . . . . . . . .  (2.2) 
we have : 

q. p = ~_(q2 + M]2_ MT2 ) . . . . . . .  (2.3) 

where we have defined: 
_P/~ ~ - M f ~  . . . . . . . . . . .  (2.4) 

The cross section for this process can be wri t ten  down from the usual 
F e y n m a n  rules as (Drell and  Waleeka (1964)) : 

d(r=2Z~z2dk2 1 W . ~ % .  1 (2.5) 
2 e~ q a [(kl " p )2_  m2MT~]I/2 , 

where 
~,~ =- -½T r ~ ( m - i T , . k x ) ~ , ~ ( m - i y . k ~ )  . . . . .  (2.6) 

(m is the electron mass) and 

W~ ~ (2.)a~2 - -  - (Z )~  ~_, ~, S (4 ) (P-P ' -q )<PIJ~(O)IP ' }<P' ] ]~(O)]P}(E  ). (2.7) 
in t ia l  final 
state state 

Fig. 2 

ANYTHING 

q/ =(k2_kl)/L=(p~pt)~ 

The general electron scattering process in lowest order in ~. 

The operator Jr(0) is the electromagnetic current operator of the nucleus 
at  the space-time point  x , = 0  t .  ]P)  and  ]P'> are the Heisenberg state 
vectors of the  initial and final  nuclear states (they are eigenstates of the 
nuclear four -momentum operator P,) ,  ~ is the  normalization volume, E is 
the initial ta rget  energy and  ~ indicates an average over the initial target  
states (i.e. M j  of the target). The four-dimensional delta function 
summarizes the translat ion invariance of the theory.  

t We use a carat over a symbol, thus (~, to denote an operator in Hilbert space 
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• Flux is known <15%?
• Wide beam neutrino energy spectrums
• We do not know the exact incoming neutrino energy
• We use the final state particles to go back and reconstruct the neutrino energy

• Neutrino measurements are performed using the following variables:Tμ,θμ, Q2, and 
Eν…

Neutrino Scattering 
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Charged Current Interactions
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Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

• If second track found, it is require to be consistent with a proton	

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

• QE-like: any number of nucleons, but no pions	

15
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Review of Quasi-Elastic Scattering
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• Quasi-elastic is one of the simplest channel in neutrino scattering
• We use a free nucleon CCQE formalism:

• where 

• Most of the form factors are known, except the axial form factor FA. This is 
parameterized as a dipole

• We need contribution from lattice QCD 

d�

dQ2
QE

=

M2G2
F cos

2 ✓C
8⇡E2

⌫

{A(Q2
)±B(Q2

)

s� u

M2
+ C(Q2

)

(s� u)2

M4
}

12/09/13  12

Free nucleon CCQE formalism:

Definitely not simple!

But if you look closely, there are just 6 form factors involved

Quasi-Elastic Scattering

Quasi-Elastic Scattering (CCQE)

FA(Q
2) =

FA(0)

(1� q2

M2
A
)2

Quasi-Elastic Scattering
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Neutrino Cross-SectionsSam Zeller, Low Energy Neutrino Cross Sections, NuFact 06/10/03 8

Past �⌫ Measurements

• How well have we measured low energy ⌫ �’s?
Rely on past measurements for this knowledge

• Along the way, point out how good our current
theoretical understanding is

• Review the status of past
measurements of �⌫ at
E⌫ ⇠ 1 GeV:

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

,! Multi ⇡ production
(small � but can feed down)

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 
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S. Zeller, UPitt workshop 12/06/12 

Current Knowledge 
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neutrino 

•  σν’s are not particularly well-constrained in this intermediate E region  
  (situation is embarassingly worse for NC and for ν ) 

antineutrino 

… the situation has been improving 
(with the availability of new higher statistics data) 

NOvA 
T2K 

LBNE !
CNGS 

atmospheric !

J. A. Formaggio, G. Zeller, Reviews of Modern Physics, 84 (2012)

Minerba Betancourt I MINERvA Experiment

Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

• If second track found, it is require to be consistent with a proton	

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

• QE-like: any number of nucleons, but no pions	

15

µ�

p

Subtract the Plastic Background 
!   Predict spectrum of background using: 
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Events	in	the	Tracker		 Geometric	Acceptance	 Reconstruc2on	Efficiency	
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Electron Scattering and Neutrino Scattering
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Overview Charged Current Interactions
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I. INTRODUCTION

The energy spectrum of high-energy leptons !elec-
trons in particular" scattered from a nuclear target dis-
plays a number of features. At low energy loss !"",

peaks due to elastic scattering and inelastic excitation of
discrete nuclear states appear; a measurement of the
corresponding form factors as a function of momentum
transfer #q# gives access to the Fourier transform of
nuclear !transition" densities. At larger energy loss, a
broad peak due to quasielastic electron-nucleon scatter-
ing appears; this peak—very wide due to nuclear Fermi
motion—corresponds to processes by which the electron
scatters from an individual, moving nucleon, which, after
interaction with other nucleons, is ejected from the tar-
get. At even larger ", peaks that correspond to excita-
tion of the nucleon to distinct resonances are visible. At
very large ", a structureless continuum due to deep in-
elastic scattering !DIS" on quarks bound in nucleons ap-
pears. A schematic spectrum is shown in Fig. 1. At mo-
mentum transfers above approximately 500 MeV/c, the
dominant feature of the spectrum is the quasielastic
peak.

*benhar@roma1.infn.it
†dbd@virginia.edu
‡ingo.sick@unibas.ch

FIG. 1. Schematic representation of inclusive cross section as a
function of energy loss.
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Schematic representation of the inclusive cross section as a function of the energy loss.

• Elastic scattering and 
inelastic excitation of discrete 
nuclear states.

• Broad peak due to quasi-
elastic electron-nucleon 
scattering.

• Excitation of the nucleon to 
distinct resonances (like the Δ) 
and pion production.

Electron-nucleus scattering • For electron scattering the electron energy loss is straightforward to measure
• For neutrino scattering the neutrino energy is difficult to measure
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• Some neutrino experiments use only the muon and others use the proton and muon to 
reconstruct the neutrino energy

• Cherenkov experiments use muon information to reconstruct the neutrino energy

• Fully active experiments reconstruct the energy using: Eν=Elepton+hadron

Neutrino Energy 

7

• Quasi-elastic scattering has been measured using the kinematics of the muon and assuming 
the nuclear target is at rest	

• The neutrino energy and four momentum transfer is reconstructed using the angle and 
momentum of the muon	
!
!
!
!
!
!
!
!
!
!
!

• These measurements have told us a lot about models of CCQE, but they are limited 
because there are single measurements on single nuclei, and are measuring the 
superposition of cross section and nuclear effects 	

Quasi-Elastic Scattering (CCQE) using the Muon Kinematics

18
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• Some examples of modern experiments:
•  NOMAD experiment uses carbon as a target and a tracker detector with high 

energy experiment <E>=24GeV, both 1 and 2 track were measured  (purity 50%). 
Signal definition: quasi-elastic events

• MiniBooNE uses carbon as a target and a Cherenkov detector with low energy 
<E>=0.8GeV, analysis used                with no pions (purity 77%). Signal definition: 
events with no pions

  

Charged Current Quasi-Elastic

 Dominant contribution at T2K flux : QE approximation assumed to 

compute E
ν
 (from E

µ
) for all selected events in SuperKamiokande

 MC description tuned from bubble 

chambers νH data

● possibility of interactions with NN pairs 
(aka 2p2h and MEC effects)

● long range correlation between nucleons 
(aka RPA)

→ wrong modelling would cause bias on oscillation parameters

 Final State Interaction only included in 

MC models: CC1π with pion re-absorption 

included in signal (CC0π)

6/18

Effort ongoing to include them in MC

Martini et al., Phys.Rev. C80 (2009) 065501

MiniBooNE Collaboration, Phys.Rev. D81 (2010) 092005

 MiniBoone measurement shows large 
discrepancy wrt to this model (large M

A
QE) 

→ explication from theoretical models 
including :

νµ CC

Data is compared against a prediction based on Relativistic Fermi Gas Model

MiniBoonNE data fits better to 
an Axial Mass 1.35 GeV 
while NOMAD fits to an Axial 
Mass of 1 GeV 

puzzle?

Quasi-Elastic Scattering (CCQE)

Minerba Betancourt/Moriond QCD 2014
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• Neutrino energy is reconstructed from muon momentum and angle

Neutrino Energy and Q2 Reconstruction
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Antineutrino 
# of events 
16,467 
Efficiency 54% 
Purity 77%

Neutrino 
# of events 
29,620 
Efficiency 47% 
Purity 49%

Event Generator 
GENIE 2.6.2

Main background 
from resonance 
production

Q2
= �m2

µ + 2EQE(Eµ � pµ cos ✓µ)

Background is constrained 
with data using a sideband 
sample

Nucl, Instrum. Meth A614 (2010)
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• Neutrino energy is reconstructed from muon momentum and angle

Neutrino Energy and Q2 Reconstruction
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MINER‹A discriminates between nuclear models via lepton kinematics

‹µ + n æ µ≠ + p
To MINOS

)2 (GeV
QE

2Q

-2
10

-1
10 1

R
a
ti

o
 t

o
 G

E
N

IE

0.6

0.8

1

1.2

1.4

1.6

1.8

data

=0.99AGENIE RFG M

=0.99ANuWro RFG M

=1.35ANuWro RFG M

=0.99 + TEMANuWro RFG M

=0.99ANuWro SF M

 CCQE→ Tracker ν  •A Preliminary νMINER

 < 10 GeV
ν

1.5 < E

Area Normalized

‹̄µ + p æ µ+ + n

To MINOS

)2 (GeV
QE

2Q

-2
10

-1
10 1

R
a
ti

o
 t

o
 G

E
N

IE

0.6

0.8

1

1.2

1.4

1.6

1.8

data

=0.99AGENIE RFG M

=0.99ANuWro RFG M

=1.35ANuWro RFG M

=0.99 + TEMANuWro RFG M

=0.99ANuWro SF M

 CCQE→ Tracker ν  •A Preliminary νMINER

 < 10 GeV
ν

1.5 < E

Area Normalized

12

MINER‹A discriminates between nuclear models via lepton kinematics

‹µ + n æ µ≠ + p
To MINOS

)2 (GeV
QE

2Q

-2
10

-1
10 1

R
a
ti

o
 t

o
 G

E
N

IE

0.6

0.8

1

1.2

1.4

1.6

1.8

data

=0.99AGENIE RFG M

=0.99ANuWro RFG M

=1.35ANuWro RFG M

=0.99 + TEMANuWro RFG M

=0.99ANuWro SF M

 CCQE→ Tracker ν  •A Preliminary νMINER

 < 10 GeV
ν

1.5 < E

Area Normalized

‹̄µ + p æ µ+ + n

To MINOS

)2 (GeV
QE

2Q

-2
10

-1
10 1

R
a
ti

o
 t

o
 G

E
N

IE

0.6

0.8

1

1.2

1.4

1.6

1.8

data

=0.99AGENIE RFG M

=0.99ANuWro RFG M

=1.35ANuWro RFG M

=0.99 + TEMANuWro RFG M

=0.99ANuWro SF M

 CCQE→ Tracker ν  •A Preliminary νMINER

 < 10 GeV
ν

1.5 < E

Area Normalized

12

Charged Current Quasi-Elastic Scattering
• MINERvA uses the lepton kinematics and the hadronic part of the interaction to measure the CCQE single 

differential cross section and discriminates between nuclear models !
!
!
!
!
!
!
!
!
!
!
!
!

• Data prefers a model with nucleon-nucleon correlations, this can be combined with MINIBooNE results to 
constrain the models and reduce the uncertainties for oscillation measurements!

• Underway:!
• Double differential cross section of neutrino and antineutrinos, (results this year) !
• CCQE ratios in nuclear targets using the hadronic part of the interaction !
• CCQE analyses using the medium energy NuMI beam

5

Neutrino AntiNeutrino Neutrino⌫µ + n ! µ� + p ⌫̄µ + p ! µ+ + n ⌫µ + n ! µ� + p
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Model Comparisons
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The data most prefer an empirical model that attempts to transfer the observed enhancement in electron-nucleus 
scattering to neutrino-nucleus scattering

Antineutrino Neutrino

Phys. Rev. Lett. 111, 022502 (2013) Phys. Rev. Lett. 111, 022501 (2013)
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Cheryl Patrick, Northwestern University

Quasi-elastics at NOvA and DUNE

21

✤ Liquid argon detectors like DUNE, MicroBooNE and 
ArgoNeuT (above) have excellent charged particle resolution

✤ CC0& makes less sense now we have more information on the 
final state

O Palamara, NuInt 14

NOvA : 2GeV

DUNE 0.5-10 GeV

To reconstruct the energy, we must understand the final state

NOvA’s segmented liquid 
scintillator detector can see 
protons

R Patterson wine and cheese, NOvA ν charged-current candidate

ArgoNeuT ν quasi-elastic 

Cheryl Patrick, Northwestern University

Quasi-elastics at T2K and MiniBooNE

20

MiniBooNE used a mineral oil Cherenkov detector 
T2K’s far detector, Super Kamiokande, is water Cherenkov

Image : T2K

Muon ring at Super-K
✤ Muons and electrons travel through 

the large detectors to produce 
characteristic Cherenkov rings

✤ Most pions can also be detected
✤ Most nucleons are invisible, so a 

CCQE event presents as a muon ring

MiniBooNE ⟨Eν⟩=788MeV
T2K ⟨Eν⟩=600MeV

✤ Both experiments have mean energies below 
1GeV, where quasi-elastics dominate and 
resonant contamination is small

✤ T2K and MiniBooNE have both published CCQE 
results were the signal is defined as events with a 
muon and no pions in the final state (CC0!)

✤ As these look like quasi-elastics, we call them 
quasi-elastic-like
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Neutrino Oscillation Program

8

• Near detector is used to extrapolate to far detector
• Accurate knowledge of cross sections are necessary to have precise measurement 

of oscillation parameters and CP violation
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Theoretical and Experimental Developments at INT Workshop

9

• Several theoretical approaches
• Comparisons to electron scattering data
• Compatibility of neutrino data (Tension 2016 workshop at Pittsburgh)
• Different neutrino event generators
• New measurements from neutrino scattering

A Wake-up Call

INT 12/16

Ulrich Mosel reminded us 
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• Spectral functions
• Super scaling approach SuSA
• Relativistic Mean Field
• Green Function MC

Theoretical Descriptions and Electron Scattering Data

10

Inclusive quasielastic electron-nucleus scattering
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This paper presents a review on the field of inclusive quasielastic electron-nucleus scattering. It
discusses the approach used to measure the data and includes a compilation of data available in
numerical form. The theoretical approaches used to interpret the data are presented. A number of
results obtained from the comparison between experiment and calculation are then reviewed. The
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I. INTRODUCTION

The energy spectrum of high-energy leptons !elec-
trons in particular" scattered from a nuclear target dis-
plays a number of features. At low energy loss !"",

peaks due to elastic scattering and inelastic excitation of
discrete nuclear states appear; a measurement of the
corresponding form factors as a function of momentum
transfer #q# gives access to the Fourier transform of
nuclear !transition" densities. At larger energy loss, a
broad peak due to quasielastic electron-nucleon scatter-
ing appears; this peak—very wide due to nuclear Fermi
motion—corresponds to processes by which the electron
scatters from an individual, moving nucleon, which, after
interaction with other nucleons, is ejected from the tar-
get. At even larger ", peaks that correspond to excita-
tion of the nucleon to distinct resonances are visible. At
very large ", a structureless continuum due to deep in-
elastic scattering !DIS" on quarks bound in nucleons ap-
pears. A schematic spectrum is shown in Fig. 1. At mo-
mentum transfers above approximately 500 MeV/c, the
dominant feature of the spectrum is the quasielastic
peak.

*benhar@roma1.infn.it
†dbd@virginia.edu
‡ingo.sick@unibas.ch

FIG. 1. Schematic representation of inclusive cross section as a
function of energy loss.

REVIEWS OF MODERN PHYSICS, VOLUME 80, JANUARY–MARCH 2008

0034-6861/2008/80!1"/189!36" ©2008 The American Physical Society189

Schematic representation of the inclusive cross section as a function of the energy loss.

• Elastic scattering and 
inelastic excitation of discrete 
nuclear states.

• Broad peak due to quasi-
elastic electron-nucleon 
scattering.

• Excitation of the nucleon to 
distinct resonances (like the Δ) 
and pion production.

Electron-nucleus scattering 

Electron Scattering and Nuclear Structure 7 

are defined by  P .  = (P, iE) and k = (k, ie). Thus : 

P~,2=--MT~ . . . . . . . . . .  (2.1) 
and since 

.P , '=P~, -q , , ,  . . . . . . . . .  (2.2) 
we have : 

q. p = ~_(q2 + M]2_ MT2 ) . . . . . . .  (2.3) 

where we have defined: 
_P/~ ~ - M f ~  . . . . . . . . . . .  (2.4) 

The cross section for this process can be wri t ten  down from the usual 
F e y n m a n  rules as (Drell and  Waleeka (1964)) : 

d(r=2Z~z2dk2 1 W . ~ % .  1 (2.5) 
2 e~ q a [(kl " p )2_  m2MT~]I/2 , 

where 
~,~ =- -½T r ~ ( m - i T , . k x ) ~ , ~ ( m - i y . k ~ )  . . . . .  (2.6) 

(m is the electron mass) and 

W~ ~ (2.)a~2 - -  - (Z )~  ~_, ~, S (4 ) (P-P ' -q )<PIJ~(O)IP ' }<P' ] ]~(O)]P}(E  ). (2.7) 
in t ia l  final 
state state 

Fig. 2 

ANYTHING 

q/ =(k2_kl)/L=(p~pt)~ 

The general electron scattering process in lowest order in ~. 

The operator Jr(0) is the electromagnetic current operator of the nucleus 
at  the space-time point  x , = 0  t .  ]P)  and  ]P'> are the Heisenberg state 
vectors of the  initial and final  nuclear states (they are eigenstates of the 
nuclear four -momentum operator P,) ,  ~ is the  normalization volume, E is 
the initial ta rget  energy and  ~ indicates an average over the initial target  
states (i.e. M j  of the target). The four-dimensional delta function 
summarizes the translat ion invariance of the theory.  

t We use a carat over a symbol, thus (~, to denote an operator in Hilbert space 
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Electron-Nucleus scattering in the Spectral Function approach

The electron-nucleus x-section

The double differential x-section of the
process e� + A ! e� + X , can be
written as

d2�

d⌦k0dk 0
0

=
↵2

Q4
E 0

e
Ee

Lµ⌫ W µ⌫
A .

|X>| 0 >

−
−

I Lµ⌫ is completely determined by the lepton kinematics
I The hadronic tensor describes the response of the target nucleus.

W µ⌫
A =

X

X

h0|Jµ
A

†|X i hX |J⌫
A|0i �(4)(p0 + q � pX ) ,

initial state
|0i ; p0

final state
|X i = |1p; 1hi, |2p; 2hi . . . ; pX

Non relativistic nuclear many-body theory (NMBT) provides a fully
consistent theoretical approach allowing for an accurate description of
|0i, independent on momentum transfer.

Noemi Rocco Comparisons to electron-scattering December 6, 2016 5 / 47
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The factorization “paradigm”

Simplest implementation: Impulse Approximation (IA)

At |q|�1 ⌧ d :

Jµ
A �!

X

i

jµi , |X i �! |x ,pxi ⌦ |R ,pRi ,

The nuclear cross section can be traced back to the one describing the
interaction with individual bound nucleons

d�A =

Z
dEd3k d�N P(k , E )

I
An integration on the nucleon momentum and removal energy is

carried out, with a weight given by the Spectral Function

Noemi Rocco Comparisons to electron-scattering December 6, 2016 8 / 47
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Spectral function and energy-momentum distribution

I Oxygen spectral function,
obtained within LDA.

I Momentum and removal energy sampled
from LDA (red) and RFGM (green) oxygen
spectral functions

 0

 0.05

 0.1

 0.15

 0.2

 0  0.1  0.2  0.3  0.4  0.5  0.6

E 
[G

eV
]

k [GeV]

SF
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Local Density Approximation (LDA) P(k, E ) for oxygen

PLDA(p, E ) = PMF (p, E ) + Pcorr(p, E )

PMF (p, E ) ! from (e, e 0p) data
Pcorr(p, E ) ! from uniform nuclear matter calculations at different
densities:

PMF (p, E ) =
X

n�{F}

Zn|�n(p)|2Fn(E � En)

Pcorr(p, E ) =

Z
d3r%A(r)PNM

corr(p, E ; % = %A(r))
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Scattering off high momentum
and high removal energy
nucleons, providing ⇠ 20 % of
the total strength.

Noemi Rocco Comparisons to electron-scattering December 6, 2016 9 / 47

Within the Impulse Approximation we factorize the interaction vertex:

The hadron tensor describes the nuclear response The factorization “paradigm”
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dσA is written in terms of the fully relativistic cross sections of 
elementary scattering processes off individual nucleons 

The Spectral Function describes the intrinsic properties of the 
target nucleus. It is computed within Nuclear Many Body Theory  

Noemi R.
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Reaction mechanisms leading to two-nucleon emission

How can 2p2h final states be produced?

In a model accounting for NN correlations, 2p2h final states can be
produced through 3 different reaction mechanisms.

Initial State Correlations (ISC):

Meson Exchange Currents
(MEC):

Final State Interactions (FSI):

Noemi Rocco Comparisons to electron-scattering December 6, 2016 14 / 47

h
(a)

h′

p′p

q

h
(b)

hh

h′

(c)
h′

(d)
h′

h′

q

q

q

pp

p

p′p′

p′

Different contributions to 
the relativistic two-body 

currents

Initial state correlations (ISC) Meson exchange currents (MEC)

1p1h and 2p2h contributions to the nuclear cross section

I The factorization scheme allows for a clear identification of the
1p1h and 2p2h contributions

d� = d�1p1h + d�2p2h / Lµ⌫(W µ⌫
1p1h + W µ⌫

2p2h)

I 2p2h response tensor

W µ⌫
2p2h =

X

h,h0<kF

X

p,p0>kF

h0|Jµ†|hh

0
pp

0ihhh

0
pp

0|J⌫ |0i

⇥ �(! + E0 � Ehh0pp0)�(q + h + h

0 � p � p

0) ,

I Current operator in momentum space:

Jµ(k1, k2) = jµ1 (k1)�(k2) + jµ2 (k2)�(k1) + jµ12(k1, k2) ,

W µ⌫
2p2h = W µ⌫

2p2h,11 + W µ⌫
2p2h,22 + W µ⌫

2p2h,12

Noemi Rocco Comparisons to electron-scattering December 12, 2016 15 / 47

The Spectral Function approach can be generalized to 
include all these terms in the hadron tensor:

(ISC) (MEC) (ISC*MEC)2 2

Final result obtained for electron-Carbon cross section 

The blue-line 
results from 
the one- and 

two-body 
current 

contributions. 
Final state 

interactions 
are included.

+

How can 2p2h final states be produced?

In a model accounting for NN correlations, 2p2h final states can be
produced through 3 different reaction mechanisms.

Initial State Correlations (ISC):

Meson Exchange Currents
(MEC):

Final State Interactions (FSI):

Noemi Rocco Comparisons to electron-scattering December 6, 2016 14 / 47

Noemi R.
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.. Theoretical description: SuperScaling Approach (SuSA)
➲ Based on the superscaling function extracted from QE electron scattering data.
➲ Scaling: The response of a many-body system scales when it can be described in terms of a particular combination
of two variables, called scaling variable ψ(ω, q). In lepton-nucleus scattering, nuclear effects can be analyzed through
a Scaling Function f (ψ) constructed from the ratio between the QE cross section and the proper single-nucleon
one.
➲ The scaling function is related to the momentum distribution of the nucleons and embodies all the nuclear
dependence of the model.

f (ψ) ≡ f (q,ω) ∼
σQE (nuclear effects)

σsingle nucleon(no nuclear effects) ; ψ-scaling variable

.In inclusive QE scattering we can observe:

..

......

✰ Scaling of 1st kind (independence on q)
✰ Scaling of 2nd kind (independence on Z) =⇒ SuperScaling

Scaling violations in
the T channel ⇒
2p-2h MEC, correla-
tions

G.D. Megias (University of Seville) Inclusive (e,e’) reactions within the SuSAv2-MEC approach

G. Megias
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Comparisons with Electron Scattering Data

14

.. Inclusive 12C(e, e ′) cross sections PRD 94, 013012 (2016)

0 0.1 0.2 0.3 0.4
ω (GeV)

0

1000

2000

3000

4000

5000

d2 σ
/d
Ω

dω
 (n

b/
G

eV
/s

r)
E=560 MeV, θ=60o, qQE=508 MeV/c 

0 0.1 0.2 0.3 0.4 0.5
ω (GeV)

0

10000

20000

30000 2p-2h MEC
Inelastic
QE
Total

E=680 MeV, θ=36o, qQE=402.5 MeV/c

0.2 0.3 0.4 0.5
ω (GeV)

0

100

200

300

400

500

d2 σ
/d
Ω

dω
 (n

b/
G

eV
/s

r)

E=560 MeV, θ=145o, qQE=795 MeV/c

0.4 0.6 0.8 1
ω (GeV)

0

50

100

150
E=3595 MeV, θ=25o, qQE=1640 MeV/c 

G.D. Megias (University of Seville) Inclusive (e,e’) reactions within the SuSAv2-MEC approach

G. Megias



Minerba Betancourt15

Muon Neutrino CCQE (MiniBooNE)The “SuSAv2+MEC” model Comparison with neutrino and antineutrino data
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 Muon Neutrino Data CCQE (MINERvA)

16

The “SuSAv2+MEC” model Comparison with neutrino and antineutrino data

MINER‹A
Megias et al., PRD 94, 093004 (2016)
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Muon Neutrino CCQE (T2K)

17

The “SuSAv2+MEC” model Comparison with neutrino and antineutrino data

T2K ‹µ-C
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Electron Neutrino Data CCQE-like (MINERvA)

18

The “SuSAv2+MEC” model Comparison with neutrino and antineutrino data
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Electron Neutrino Inclusive (T2K)

19

The “SuSAv2+MEC” model Comparison with neutrino and antineutrino data

T2K ‹e-C
Megias et al., PRD 94, 093004 (2016)
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Long-range correlations : 
Continuum RPA

•Green’s function approach

•Skyrme SkE2 residual interaction

•self-consistent calculations

NATALIE JACHOWICZ INT SEATTLE, DECEMBER 7, 2016 

Cross section 
calculations

•Starting point : mean-field 
nucleus with Hartree-Fock
single-particle wave functions 

•Skyrme SkE2 force used to 
build the potential

•Pauli blocking

•binding

Correlations in QE-like Neutrino-Nucleus Scattering 
Natalie J.
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Correlations in QE-like Neutrino-Nucleus Scattering 
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CRPA : Comparison with electron scattering data  12C( e, e’) 

𝑑
𝜎/
𝑑𝜔

𝑑Ω
nb
/M

eV
sr

𝜔 (MeV)

Hartree-Fock
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NATALIE JACHOWICZ INT SEATTLE, DECEMBER 7, 2016 

Natalie J.
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Comparisons with MiniBooNE Data

22

MiniBooNe νµ

• Satisfactory 
general 
agreement

• Good 
agreement for
forward 
scattering 

• Missing 
strength for 
low Tµ , 
backward 
scattering can 
be attributed 
to 
multinucleon
effects

NATALIE JACHOWICZ INT SEATTLE, DECEMBER 7, 2016 

Natalie J.
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Relativistic Mean Field Approach

23

Basic ingredients of RIA
Nucleon Wave Functions =⇒Solutions of Dirac equation with
phenomenological relativistic potentials (scalar and vector terms):

ΨB: Bound nucleon wave function=⇒
Relativistic Mean Field (RMF) Approach

Local potentials obtained from a Lagrangian fitted to properties of nuclear matter, radii and nuclear masses.

The non-relativistic reduction of the RMF formalism leads to a Schrödinger-like
equation but with presence of non-local terms.

[

−
∇2

2mN
− VDEB

]

φnr(r) = Enrφnr(r); Ψup(r) = K(r)φnr(r)

K(r) ∼ 0.8 in the nuclear interior going to unity asymptotically

ΨF : Ejected nucleon wave function =⇒
Dependence with final state interactions (FSI)

Seattle, 12/06/2016 – p. 4

Juan C.
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Comparisons of RMF and Data
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MiniBooNE & NOMAD: SuSA vs RMF
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Scaling in QE L/T -channels

Seattle, 12/06/2016 – p. 23

Electron Scattering data CCQE Neutrino Scattering data

Juan C.
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GFMC 

25

Alessandro L.

• The Green’ function Monte Carlo approach is based on a realistic nuclear Hamiltonian and 
consistent meson exchange current 
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GFMC Calculations
24 November 2012

Excellent fit of the spectrum of light nuclei 10
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FIG. 4: (Color online) Magnetic moments in nuclear magne-
tons for A ≤ 9 nuclei. Black stars indicate the experimen-
tal values [35–37], while blue dots (red diamonds) represent
GFMC calculations which include the IA one-body EM cur-
rent (total χEFT current up to N3LO). Predictions are for
nuclei with A > 3.

and the NLO OPE term contributes in both the trinu-
cleon clusters and in between the trinucleon clusters and
the valence pp (nn) pair. The IA m.m. for 9Be is close
to the experimental value, while those for 9Li and 9C
are far from the data, so this pattern of small and large
MEC corrections provides good overall agreement with
the data.

The χEFT results reported in Tables III and V are
summarized in Fig. 4, where the experimental data [34–
37] (there are no data for the m.m. of 9B) are repre-
sented by black stars. We show also the experimen-
tal values for the proton and neutron m.m.’s, as well
as their sum, which corresponds to the m.m. of an S-
wave deuteron. The experimental values of the A = 2–3
m.m.’s have been utilized to fix the LECs, therefore pre-
dictions are for A > 3 nuclei. The blue dots labeled
as GFMC(IA) represent theoretical predictions obtained
with the standard IA one-nucleon EM current entering
at LO: diagram (a) of Fig. 1. The GFMC(IA) results
reproduce the bulk properties of the m.m.’s of the light
nuclei considered here. In particular, we can recognize
three classes of nuclei with non-zero m.m.’s, i.e., odd-
even nuclei whose m.m.’s are driven by an unpaired va-
lence proton, even-odd nuclei driven by an unpaired va-
lence neutron, and odd-odd nuclei with either a deuteron
cluster or a triton-neutron (3He-proton) cluster outside
an even-even core. Predictions which include all the con-
tributions to the N3LO χEFT EM currents illustrated
in Fig. 1 are represented by the red diamonds of Fig. 4,
labeled GFMC(TOT). In all cases except 6Li and 9Be
(where the IA is already very good and the MEC correc-
tion is very small) the predicted m.m.’s are closer to the
experimental data when the MEC corrections are added
to the IA one-body EM operator.

It is also interesting to consider the spatial distribution
of the various contributions to the m.m., i.e., to examine
the magnetic density. The one-body IA contributions
from the starting VMC wave functions are shown in Fig. 5
for the isobaric analog pairs 7Li–7Be, 8Li–8B, and 9Li–
9C. (The VMC values for the IA m.m.’s are within a few
% of the final GFMC values, so we expect their spatial
distribution to be reasonably accurate.) In the figure, the
red upward-pointing triangles are the contribution from
the proton spin, µp[ρp↑(r)−ρp↓(r)], and similarly the blue
downward-pointing triangles are the contribution from
the neutron spin. The green diamonds are the proton
orbital (convection current) contribution, and the black
circles are the sum. The integrals of the black curves over
d3r give the total m.m.’s of the nuclei in IA.

For the neutron-rich lithium isotopes, there is one un-
paired proton (embedded in a p-shell triton cluster) with
essentially the same large positive contribution in all
three cases. The proton orbital term is also everywhere
positive, but relatively small. For 7Li and 9Li, the neu-
trons are paired up, and give only a small contribution,
so the total m.m. is close to the sum of the proton spin
and orbital parts. However 8Li has one unpaired neu-
tron which acts against the proton and significantly re-
duces the overall m.m. values. For the proton-rich iso-
baric analogs, there is one unpaired neutron (embedded
in a p-shell 3He cluster) with the same sizable negative
contribution in all three cases. In 7Be and 9C, the pro-
tons are paired up and give little net contribution, but
the orbital term is always positive and acts against the
neutron spin term. In 8B there is also one unpaired pro-
ton, which gives a bigger contribution than the unpaired
neutron and results in a net positive m.m. value.

In Table VI, we explicitly show the various contribu-
tions entering the χEFT operator. The labeling in the
table has been defined in Sec. III A. We list the contribu-
tions at each order. At N3LO, we separate the terms that
do not depend on EM LECs (i.e. the LOOP contribution
and the contact MIN currents; the former depends on the
known axial coupling constant, gA, and pion decay am-
plitude, Fπ , while the latter depends on the strong LECs
entering the NN χEFT potential at N2LO) and those
that depend on them (i.e. the contact NM and the OPE
current whose isovector component has been saturated
with the ∆ transition current). In most cases, chiral
convergence is observed but for the isovector N3LO OPE
contribution whose order of magnitude is in some cases
comparable to the OPE contribution at NLO. It is likely
that the explicit inclusion of ∆ degrees of freedom in the
present χEFT would significantly improve the conver-
gence pattern, since in such a theory this isovector OPE
current, presently entering at N3LO, would be promoted
to N2LO.

In Table VI, we do not provide the errors associated
with the individual terms at each order because they are
highly correlated. We limit ourselves to report the errors
associated with the IA, MEC, and total results. Also
in this table, we denote calculations performed enforcing

 MEC are essential for magnetic moments

H =
X

i

p2
i

2m
+

X

i<j

vij +
X

i<j<k

Vijk + . . . r · JEM + i[H, J0
EM] = 0

• The Schrödinger equation is solved by means of imaginary-time diffusion techniques 

lim
⌧!1

e�(H�E0)⌧ | T i = lim
⌧!1

X

n

cn e
�(En�E0)⌧ | ni = c0| 0i
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q=570 MeV

q=570 MeV

• We performed the first ab-initio calculation 
of the electromagnetic response for 12C

• Small contribution from two-body currents 
to the longitudinal response functions. 

• Excellent agreement with experiments 
without modifying the proton electric form 
factor

• Sizable contribution from two-body currents 
to the transverse response functions in the 
region of the quasi elastic peak

RL

RT• Relativistic effects are investigated through 
a comparison with the spectral function 
approach

• We are now computing the axial responses 

• Extension to nuclei larger than 12C non trivial 

•Theoretical error accurately estimated

GFMC 
Alessandro L.
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Neutrino Scattering Data
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• This past summer, neutrino experimentalists got together in an exclusive workshop 
to understand the cross sections data sets from different experiments, mainly 
MiniBooNE, MINERvA and T2K
- Discussions were concentrated to understand:  CCQE and Resonance

Neutrino Scattering Measurements

http://nugevxsectensions.pbworks.com/w/page/107587302/Neutrino%20Cross-section%20Data%20Tensions%20Workshop
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• Concentrating on small data set of available measurements

Neutrino Scattering Measurements

  

Outline

 CC0π with muon only

 CC0π with muon + proton(s)

 muon + hadronic energy  / vertex energy

 CC1π with muon + pion

 Model dependence of the 
results: mostly from efficiency 
corrections

 Complications in the interpretation of 
the results (eg: how much 2p2h do 
we observe in our data?)

HISTORY OF MEASUREMENTS

INTERESTING ISSUES First generation:

Second generation:

INT workshop – Seattle – Dec. 2016S.Bolognesi (CEA Saclay)

2/26

MiniBooNE on CH

MINERνA on CH

T2K on CH and water (new!)

MINERνA on CH

T2K on CH and water

ArgoNeut on Ar

T2K on CH: arriving soon...

MINERνA on CH

(other interesting analyses on ν
e
, ν

µ
, iron,... no time to cover everything)  
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Neutrino Cross-SectionsSam Zeller, Low Energy Neutrino Cross Sections, NuFact 06/10/03 8

Past �⌫ Measurements

• How well have we measured low energy ⌫ �’s?
Rely on past measurements for this knowledge

• Along the way, point out how good our current
theoretical understanding is

• Review the status of past
measurements of �⌫ at
E⌫ ⇠ 1 GeV:

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

,! Multi ⇡ production
(small � but can feed down)

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 

12

S. Zeller, UPitt workshop 12/06/12 

Current Knowledge 
6 

neutrino 

•  σν’s are not particularly well-constrained in this intermediate E region  
  (situation is embarassingly worse for NC and for ν ) 

antineutrino 

… the situation has been improving 
(with the availability of new higher statistics data) 

NOvA 
T2K 

LBNE !
CNGS 

atmospheric !

J. A. Formaggio, G. Zeller, Reviews of Modern Physics, 84 (2012)
Minerba Betancourt

Neutrino Cross-SectionsSam Zeller, Low Energy Neutrino Cross Sections, NuFact 06/10/03 8

Past �⌫ Measurements

• How well have we measured low energy ⌫ �’s?
Rely on past measurements for this knowledge

• Along the way, point out how good our current
theoretical understanding is

• Review the status of past
measurements of �⌫ at
E⌫ ⇠ 1 GeV:

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

,! Multi ⇡ production
(small � but can feed down)

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 

12

S. Zeller, UPitt workshop 12/06/12 

Current Knowledge 
6 

neutrino 

•  σν’s are not particularly well-constrained in this intermediate E region  
  (situation is embarassingly worse for NC and for ν ) 

antineutrino 

… the situation has been improving 
(with the availability of new higher statistics data) 

NOvA 
T2K 

LBNE !
CNGS 

atmospheric !

J. A. Formaggio, G. Zeller, Reviews of Modern Physics, 84 (2012)
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CCQE Measurements
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FIG. 13: (Color online). Flux-integrated double differential
cross section per target neutron for the νµ CCQE process.
The dark bars indicate the measured values and the surround-
ing lighter bands show the shape error. The overall normal-
ization (scale) error is 10.7%. Numerical values are provided
in Table VI in the Appendix.

simplicity, the full error matrices are not reported for all
distributions. Instead, the errors are separated into a to-
tal normalization error, which is an error on the overall
scale of the cross section, and a “shape error” which con-
tains the uncertainty that does not factor out into a scale
error. This allows for a distribution of data to be used
(e.g. in a model fit) with an overall scale error for un-
certainties that are completely correlated between bins,
together with the remaining bin-dependent shape error.

V. RESULTS AND DISCUSSION

A. CCQE flux-integrated double differential cross
section

The flux-integrated, double differential cross section
per neutron, d2σ

dTµd cos θµ
, for the νµ CCQE process is ex-

tracted as described in Section IVD and is shown in
Figure 13 for the kinematic range, −1 < cos θµ < +1,
0.2 < Tµ(GeV) < 2.0. The errors, for Tµ outside of this
range, are too large to allow a measurement. Also, bins
with low event population near or outside of the kine-
matic edge of the distribution (corresponding to large
Eν) do not allow for a measurement and are shown as
zero in the plot. The numerical values for this double
differential cross section are provided in Table VI in the
Appendix.
The flux-integrated CCQE total cross section, ob-

tained by integrating the double differential cross section
(over −1 < cos θµ < +1, 0 < Tµ(GeV) < ∞), is mea-
sured to be 9.429× 10−39 cm2. The total normalization
error on this measurement is 10.7%.
The kinematic quantities, Tµ and cos θµ, have been cor-
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FIG. 14: (Color online). Flux-integrated single differential
cross section per target neutron for the νµ CCQE process.
The measured values are shown as points with the shape
error as shaded bars. Calculations from the nuance RFG
model with different assumptions for the model parameters
are shown as histograms. Numerical values are provided in
Table IX in the Appendix.

rected for detector resolution effects only (Section IVD).
Thus, this result is the most model-independent mea-
surement of this process possible with the MiniBooNE
detector. No requirements on the nucleonic final state
are used to define this process. The neutrino flux is an
absolute prediction [19] and has not been adjusted based
on measured processes in the MiniBooNE detector.

B. Flux-integrated single differential cross section

The flux-integrated, single differential cross section per
neutron, dσ

dQ2

QE
, has also been measured and is shown

in Figure. 14. The quantity Q2
QE is defined in Eq. 2

and depends only on the (unfolded) quantities Tµ and
cos θµ. It should be noted that the efficiency for events
with Tµ < 200 MeV is not zero because of difference
between reconstructed and unfolded Tµ. The calculation
of efficiency for these (low-Q2

QE) events depends only on
the model of the detector response, not on an interaction
model and the associated uncertainty is propagated to
the reported results.
In addition to the experimental result, Figure 14 also

shows the prediction for the CCQE process from the nu-
ance simulation with three different sets of parameters
in the underlying RFG model. The predictions are ab-
solutely normalized and have been integrated over the
MiniBooNE flux. The RFG model is plotted assum-
ing both the world-averaged CCQE parameters (MA =
1.03 GeV, κ = 1.000) [9] and the CCQE parameters ex-
tracted from this analysis (MA = 1.35 GeV, κ = 1.007)
in a shape-only fit. The model using the world-averaged

MiniBooNE MINERvA

  

How much 2p2h in our data?

SuSa v2 + MEC

T2K measurement on CH
arXiv:1602.03652

arXiv:1607.08565

15/26T2K

Minerba Betancourt I MINERvA Experiment

Single Differential Cross Section for Neutrinos

6

The same plots, with Eroica Flux

5

The Same Plots Made Again This Week

4

Mainly here to prove I didn’t 
break anything

MINER‹A discriminates between nuclear models via lepton kinematics
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MINER‹A discriminates between nuclear models via lepton kinematics
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Charged Current Quasi-Elastic Scattering
• MINERvA uses the lepton kinematics and the hadronic part of the interaction to measure the CCQE single 

differential cross section and discriminates between nuclear models !
!
!
!
!
!
!
!
!
!
!
!
!

• Data prefers a model with nucleon-nucleon correlations, this can be combined with MINIBooNE results to 
constrain the models and reduce the uncertainties for oscillation measurements!

• Underway:!
• Double differential cross section of neutrino and antineutrinos, (results this year) !
• CCQE ratios in nuclear targets using the hadronic part of the interaction !
• CCQE analyses using the medium energy NuMI beam

5

Neutrino AntiNeutrino Neutrino⌫µ + n ! µ� + p ⌫̄µ + p ! µ+ + n ⌫µ + n ! µ� + p

Minerba Betancourt/Moriond QCD 2014

Model Comparisons
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The data most prefer an empirical model that attempts to transfer the observed enhancement in electron-nucleus 
scattering to neutrino-nucleus scattering

Antineutrino Neutrino

Phys. Rev. Lett. 111, 022502 (2013) Phys. Rev. Lett. 111, 022501 (2013)

Ratio to GENIE 
Shape Only
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Model Comparisons

12

)2 (GeVQE
2Q

0 0.5 1 1.5 2

R
at

io
 to

 G
EN

IE

0.6

0.8

1

1.2

1.4

1.6

1.8

data
=0.99AGENIE RFG M

=0.99ANuWro RFG M

=1.35ANuWro RFG M

=0.99 + TEMANuWro RFG M

=0.99ANuWro SF M

 CCQE� Tracker �  !A �MINER

Area Normalized
 < 10 GeV�1.5 < E

)2 (GeVQE
2Q

0 0.5 1 1.5 2

R
at

io
 to

 G
EN

IE

0.6

0.8

1

1.2

1.4

1.6

1.8

data
=0.99AGENIE RFG M

=0.99ANuWro RFG M

=1.35ANuWro RFG M

=0.99 + TEMANuWro RFG M

=0.99ANuWro SF M

 CCQE� Tracker �  !A �MINER

Area Normalized
 < 10 GeV�1.5 < E

The data most prefer an empirical model that attempts to transfer the observed enhancement in electron-nucleus 
scattering to neutrino-nucleus scattering

Antineutrino Neutrino

Phys. Rev. Lett. 111, 022502 (2013) Phys. Rev. Lett. 111, 022501 (2013)

Ratio to GENIE 
Shape Only

arXiv:1409.44972013 Measurement with updated flux
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Model Comparisons

!
!
!
!
!
!
!
!
!
!
!
!
!
!

• Different event generators: GENIE and NuWro+

• Models:


• Relativistic Fermi Gas (RFG), MA=0.99GeV/c2  (Model used by event generators) *

• Relativistic Fermi Gas (RFG), MA=1.35 GeV/c2  (Higher MA motivated by recent measurements)**

• Nuclear Spectral Function (SF), MA=0.99 GeV/c2 (More realistic model of the nucleon momentum) ***

• Transverse Enhancement Model (TEM), MA=0.99 GeV/c2  (Empirical model tuned to electron-nucleon 

scattering data) ****


11

Antineutrino Neutrino

+ T. Golan, C. Juszczak, and J Sobczyk Phys.Rev. C85 (2012) 
* R. Smith and E. Moniz, Nucl. Phys. B43, 605 (1972) 
**A. A. Agular-Arevalo, et al., Phys. Rev. D 81, 092005 (2010) 
*** O. Benhar, A. Fabrocini, S. Fanton, and I. Sick, Nucl. Phys. A579, 493 (1994) 
**** A. Bodek, H. Budd, and M. Christy, Eur.Phys.J. C71, 1726 (2011) 
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Comparison with Models

NuWro: Golal, Jusczak, Sobczyk 
arXiv:1202.4197

MEC model: Bodek, Budd, Christy
Eur. Phys. J. C(2011) 71:1726

Comparison of our results with 
various models.  The model with 

“TEM” include a MEC-like 
modification to the cross-section

1-Track CCQE Analysis
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MEC model: Bodek, Budd, Christy
Eur. Phys. J. C(2011) 71:1726

Comparison of our results with 
various models.  The model with 

“TEM” include a MEC-like 
modification to the cross-section

1-Track CCQE Analysis
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• Standard equation to measure cross section

• For each bin of energy the cross section is estimated using the efficiency, where the 
efficiency is computed from MC predictions:

• The signal definition is important, what are we measuring CCQE, CCQE+2p2h or 
CCQE 0π?
• We cannot measure separately CCQE or 2p2h (especially with only muon 

kinematics)
• When we consider full CCQE 0π signal, the efficiency of a given selection may be 

different for CCQE and 2p2h events
• Efficiency corrections depends on the assumed relative cross sections of 2p2h and 

CCQE in each bin

Model Dependence of Experimental Results?

� =
Ndata

selected

· ✏
� ·N

nucleons

✏ =
NMC

selected

NMC
generated

S. Bolognesi
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• Efficiency for backward muons was pretty low==>large MC based corrections
• MINERvA uses events with MINOS-matched events

Efficiency Corrections (CCQE)

32

  

ND280 measurements (2)

… but the selection has been modified to recover 

target: water/air

target: CH target: CH/waterTPC TPC TPC

µ-

high angle muons 

Our cross-section measurements are highly statistically dominated by such events

in the first CC0π analysis we requested one proton in the TPC in order to reject the 

background in these topologies

backward muonsµ-

p
p

µ-

ND280 has been designed to measure forward-going muons (m- and m+)

with or without an 
additional proton 
track
+
no reconstructed 
pions

INT workshop – Seattle – Dec. 2016S.Bolognesi (CEA Saclay)

6/26

  

Another example in Minerva

M
IN
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S

 fo
r m
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n
 i d

e
n
tific

a
tio

n

INT workshop – Seattle – Dec. 2016S.Bolognesi (CEA Saclay)

9/26

  

Another example in Minerva
● vertex energy 

region: 
not used in the 
analysis since 
affected by 
modeling of 
2p2h and FSI

● all the rest (recoil region)

cut: E
recoil

 < f(Q2) needed to remove pions

Efficiency correction for this cut depends 
on the assumed proton kinematics (→ 
possible bias as a function of Q2) 

arXiv:1305.2243

11/26

Selection has been modified to recover high angle 
muons

  

ND280 measurements (2)

… but the selection has been modified to recover 

target: water/air

target: CH target: CH/waterTPC TPC TPC

µ-

high angle muons 

Our cross-section measurements are highly statistically dominated by such events

in the first CC0π analysis we requested one proton in the TPC in order to reject the 

background in these topologies

backward muonsµ-

p
p

µ-

ND280 has been designed to measure forward-going muons (m- and m+)

with or without an 
additional proton 
track
+
no reconstructed 
pions

INT workshop – Seattle – Dec. 2016S.Bolognesi (CEA Saclay)

6/26
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Proton Measurements

33

  

Protons in ND280

Main limitation: proton threshold for good tracking/ID in TPCs ~500 MeV

high angle muons backward muonsµ-

p p
µ-

forward muons

p

µ-

Muon + one or more protons:

20/26

INT workshop – Seattle – Dec. 2016S.Bolognesi (CEA Saclay)

  

Protons in Minerva

Main limitation: 
capability of distinguishing 
protons between them 
and with other hadronic 
deposits

Minerνa event display

21/26

INT workshop – Seattle – Dec. 2016S.Bolognesi (CEA Saclay)

  

Protons in LAr
22/26

 Gas Ar would give even smaller threshold but limited by statistics → High 
Pressure TPC 

 ArgoNEUT: small statistics but powerful Ar technology → waiting for MicroBooNE!

threshold 
~200 MeV

neutrino CC0π antineutrino CC0π

T2K
MINERvA

ArgoNeuT

S. Bolognesi
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Signal Definitions

34

6

• For each simulation of the 
experiment for CC0π 
topology 

• All probe similar region 
prior to selection

Preliminary

2p2h/MEC, RES

CCQE

q3 (3 momentum transfer)q0
 (e

ne
rg

y 
tra

ns
fe

r)

Are we measuring the same underlying process?

Kendall



Minerba Betancourt35

Signal Definitions

• Different experiments have different signal definition

• Model independent signal definitions?

• Tensions: different signal and background definitions
- Separation chose based on experiment’s capabilities and not necessarily easy to 

unify
• Hard to compare the different measurements

What signal definition is used by each experiment?

• MiniBooNE: CC0π and CCQE* (NUANCE) 

• MINERvA: CCQE* (GENIE)  

• T2K: CC0π (NEUT) 

Tensions: Different signal/background definitions

• MINERvA separated RES from QE/2p2h/MEC as these events had a very 
different efficiency 

• Separation chosen based on experiment’s capabilities and not 
necessarily easy to unify.  But, this complicates comparisons.

*Before FSI. No 2p2h model at that time, assumed similar efficiency to QE 
(MiniBooNE, MINERvA)

7

What is the signal definition?

11

Visible 
particles

● Experiments can only measure final state particles, e.g., 1μ 0π:

CC0π = CCQE + npnh(0π) + CC1π(+abs) + …

● Many previous measurements try to correct for irreducible 
backgrounds to make the result easier to use...

… but trying to recover CCQE introduces model dependence

CCQE = CC0π - npnh(0π) - CC1π(+abs) - … ???

Data Generator

Model-independent signal definitions



Minerba Betancourt

Quasi-Elastic

36

18

“efficiency” relative to 
MINOS-matched cut

18

“efficiency” relative to 
MINOS-matched cut

11

MINERvA
T2K

14

11

MINERvA
T2K

11

MINERvA
T2K Kendall

MiniBooNE T2K

MINERvA
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Pion Production

37

MiniBooNE problem (Q CC1S+)

5 December, 2016INT – Tensions review 3

` MiniBooNE data hard to reproduce, questions FSI models?
` Very relevant to CCQE-like oscillation signal, new systematic?

GiBUU: O. Lalakulich and U. Mosel, PRC 87, 014602 (2013)
NuWro: T. Golan, C. Juszczak, J. Sobczyk Phys Rev C80, 15505 (2012)
Nieves: E. Hernanadez, J. Nieves, M.VicenteVacas, Phys Rev D87, 113009 (2013)

P. Rodrigues
arXiv:1402.4709 

[hep-ex]

Data at EQ~1 GeV theory

ev gen

'�peak in S+ C

GiBUU

Steve D.
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How Well Do MiniBooNE and MINERvA Agree?

38

How well do MiniBooNE and MINERvA agree?

6

` MiniBooNE - <EQ>~1 GeV; MINERvA - <EQ>=4 GeV 
` W cuts are different, covered in calculations
` MINERvA (Eberly and I) tried to design 

experiment for direct comparison.
` MINERvA has much larger contribution 

from higher W, considers it background.  
MiniBooNE cuts W<1.35 GeV and adds 
higher W strength (still ') from model 
(~28% from GENIE)

` Therefore, need to increase MINERvA
data by 28% (and corresponding GENIE 
calc) for direct comparison 

` Shapes are different

5 December, 2016INT – Tensions review 

Steve D.



Minerba Betancourt

Muon Kinetic Energy for Different Models

39

Muon Kinetic energy

5 December, 2016INT – Tensions review 20

` Indicator of acceptance in key variable
` Reflects information in flux and model
` Shape changes small with model, mostly magnitude

Steve D.

• Different predictions from each event generator, GENIE, NEUT, NuWro and Gibuu
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Models

40

Model choices

5 December, 2016INT – Tensions review 5

Model N res Non resonant Nucleon 
Momentum

' mods FSI

Athar Schreiner-
Von Hippel

none Local Fermi 
gas

Fit to (J,S) Attenuation
only

GiBUU Leitner et 
al.

Lalakulich et al. 
- empirical

Local Fermi 
gas

Fit to (J,S)
Oset

Transport

Valencia Hernandez 
et al.

Chiral
model

Local Fermi 
gas

Fit to (J,S) Salcedo-
Oset (full)

GENIE Rein-Sehgal Bodek-Yang
(extrap low W)

Global (rel)
Fermi gas

none Effective
cascade

NEUT Rein-Sehgal Rein-Sehgal Global (rel)
Fermi gas

Via FSI 
model

Salcedo-
Oset (full)

NuWro Adler ('
only)

Bodek-Yang
(extrap low W)

Global (rel)
Fermi gas

Via FSI 
model

Salcedo-
Oset (full)

Steve D.
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NuSTEC

41

5

A view of the field

HEP theory Nuclear 
theory

Neutrino 
oscillation 
experiment

Electron 
scattering 

experiment

Neutrino 
scattering 

experiment

Generators

7

NuSTEC
one tool in the toolbox

Neutrino Scattering Theory Experiment Collaboration 

A collaboration of of HEP and NP experimentalists and theorists studying low 
energy neutrino nucleus scattering  

The main goal is to improve our understanding of interactions with nuclei, and 
get that understanding delivered to experiments (i.e. through even generators) 

• Impact on oscillation (long, short baseline) programs 

• Impact on cross section measurement programs 

• Education and growing the community of involved theorists/experimentalists 

Kendall
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NuSTEC

• NuSTEC prepared a white paper to describe what we don’t know to motivate 
where future effort needs to be

11

NuSTEC White Paper Outline

◆  Executive Summary 
◆  Overview of the Current Challenges in the Theory of Neutrino Nucleon/

Nucleus Interaction Physics – Coordinators: Jorge Morfín and Jan Sobczyk
◆  The Impact of Neutrino Nucleus Interaction Physics on Oscillation Physics 

Analyses – Coordinators: Pilar Coloma and Kendall Mahn
◆  Neutrino Event Generators – Coordinator: Gabe Perdue
◆  e-A Scattering Input to ν-A - Coordinators: Maria Barbaro and Eric Christy
◆  Quasi-elastic, Quasi-elastic-like Scattering - Coordinators: Natalie Jachowicz 

and Federico Sanchez
◆  Coherent and Diffractive Meson Production - Coordinators: Luis Alvarez-

Ruso and Jorge Morfín  
◆  Resonance Model: Coordinators: Steve Dytman and Toru Sato
◆  Shallow Inelastic Scattering and Deep Inelastic Scattering: Coordinators: 

Sajjad Athar and Roberto Petti

Kendall
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Short Range Correlations in Electron Scattering 

43

• Short Range Correlations (SRC) are pairs of nucleon that are close together in the 
nucleus
• Beautiful measurements from JLAB:

• SRCs account for:
- ~20% of the nucleons in nuclei
- 100% of the high-p (k>kF) nucleons in nuclei 

21

(semi)	Exclusive	2N-SRC	Studies
Breakup	the	pair	=>	

Detect	both	nucleons	=>	
Reconstruct	‘initial’	state

‘leading’

‘recoil’

SRC	Isospin	Structure

~90%	np-SRC

~5%	pp-SRC
0.3 0.4 0.5 0.6
Missing	Momentum	[GeV/c]

12C

[%]

O.	Hen	et	al.,	Science	
364	(2014)	614

I.	Korover et	al.,	PRL	113	(2014)	022501R.	Subedi et	al.,	Science	320	(2008)	1476

A.	Tang	et	al.,	PRL	(2003);											E.	Piasetzky et	al.,	PRL	(2006);											R.	Shneor et	al.,	PRL	(2007)

12

kF

(Fermi-gas	like)

Why	SRC?

SRC	Isospin	Structure

~90%	np-SRC

~5%	pp-SRC
0.3 0.4 0.5 0.6
Missing	Momentum	[GeV/c]

12C

[%]

O.	Hen	et	al.,	Science	
364	(2014)	614

I.	Korover et	al.,	PRL	113	(2014)	022501R.	Subedi et	al.,	Science	320	(2008)	1476

A.	Tang	et	al.,	PRL	(2003);											E.	Piasetzky et	al.,	PRL	(2006);											R.	Shneor et	al.,	PRL	(2007)

NEW	DATA!	(3)
Fraction	of	high-momentum	nucleons	in	

asymmetric	nuclei	

M.	Duer et	al.	(CLAS	Collaboration)

A	(e,e’N)	[high-Pm /	low-Pm]
12C(e,e’N)	[high-Pm /	low-Pm]

np-SRC	ModelData

1

0.6

1.4

1.8

NEW	DATA!	(3)
Fraction	of	high-momentum	nucleons	in	

asymmetric	nuclei	

M.	Duer et	al.	(CLAS	Collaboration)

A	(e,e’N)	[high-Pm /	low-Pm]
12C(e,e’N)	[high-Pm /	low-Pm]

np-SRC	ModelData

1

0.6

1.4

1.8

Fraction of high-momentum 
 nucleons in asymmetric nuclei 
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⇠

Exclusive Final States

44

• Jan gave an overview of the NuWro Monte Carlo generator with some details 
about the final state models: Nuwro uses cascade model for nucleons and pions
• MC studies for the two proton events in the ArgoNeuT experiment

• NuWro predictions:

⇠

� < � .

( +) = . %

( +) = . %

� ⇠ �

• NuWro predicts too few hammer events 
• The effect is kinematical in nature and 

tells nothing about SRC pair 
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• ANL-BNL puzzle:
- Normalization difference between ANL and BNL bubble chamber pion data 
• Recent reanalysis of deuterium data finds consistency between ANL and BNL

Open Question of neutrino interaction physics (2013)

45

1. Introduction
2. CC0p
3. Nucleon
4. ne vs. nµ
5. Pions
6. Summary

16/12/08

5. Open question of neutrino interaction physics (2013)

52Teppei Katori, Queen Mary U of London

CCQE puzzle
- Low Q2 suppression, high Q2 enhancement, high normalization
à presence of short and long range nucleon correlations
NCgamma
- Can NCgamma explain MiniBooNE ne-candidate excess?
à probably not, but no measurement, yet
Coherent pion
- Is there charged current coherent pion production?
à yes, data from T2K, MINERvA, ArgoNeuT, MINOS
ANL-BNL puzzle
- Normalization difference between ANL and BNL bubble chamber pion data

Pion puzzle
- MiniBooNE and MINERvA pion kinematic data are incompatible under any models

Alvarez-Ruso et al,NewJ.Phys.16(2014)075015, Morfin et al,AHEP(2012)934597, Garvey et al.,Phys.Rept.580 (2015)1
1. Introduction
2. CC0p
3. Nucleon
4. ne vs. nµ
5. Pions
6. Summary

16/12/08

5. Open question of neutrino interaction physics (now)

53Teppei Katori, Queen Mary U of London

CCQE puzzle
- Low Q2 suppression, high Q2 enhancement, high normalization
à presence of short and long range nucleon correlations
NCgamma
- Can NCgamma explain MiniBooNE ne-candidate excess?
à probably not, but no measurement, yet
Coherent pion
- Is there charged current coherent pion production?
à yes, data from T2K, MINERvA, ArgoNeuT, MINOS
ANL-BNL puzzle
- Normalization difference between ANL and BNL bubble chamber pion data
à BNL data was wrong, but both might have wrong deuteron correction
Pion puzzle
- MiniBooNE and MINERvA pion kinematic data are incompatible under any models

Alvarez-Ruso et al,NewJ.Phys.16(2014)075015, Morfin et al,AHEP(2012)934597, Garvey et al.,Phys.Rept.580 (2015)1
Wilkinson et al,PRD90(2014)112017,Graczyk et al,PRD80(2009)093001,Wu et al,PRC91(2015)035203

Teppei
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Open Question of neutrino interaction physics (2016)

• MINERvA and MiniBooNE pion kinematic data are incompatible 

1. Introduction
2. CC0p
3. Nucleon
4. ne vs. nµ
5. Pions
6. Summary

16/12/08

5. Open question of neutrino interaction physics (now)

55Teppei Katori, Queen Mary U of London

CCQE puzzle
- Low Q2 suppression, high Q2 enhancement, high normalization
à presence of short and long range nucleon correlations
NCgamma
- Can NCgamma explain MiniBooNE ne-candidate excess?
à probably not, but no measurement, yet
Coherent pion
- Is there charged current coherent pion production?
à yes, data from T2K, MINERvA, ArgoNeuT, MINOS
ANL-BNL puzzle
- Normalization difference between ANL and BNL bubble chamber pion data
à BNL data was wrong, but both might have wrong deuteron correction
Pion puzzle
- MiniBooNE and MINERvA pion kinematic data are incompatible under any models
à ???

Alvarez-Ruso et al,NewJ.Phys.16(2014)075015, Morfin et al,AHEP(2012)934597, Garvey et al.,Phys.Rept.580 (2015)1
Wilkinson et al,PRD90(2014)112017,Graczyk et al,PRD80(2009)093001,Wu et al,PRC91(2015)035203

1. Introduction
2. CC0p
3. Nucleon
4. ne vs. nµ
5. Pions
6. Summary

16/12/08

5. Pion puzzle (now)

56

MINERvA,PRD94(2016)052005
Rodrigues et al.,EPJC76(2016)474

Teppei Katori, Queen Mary U of London

It’s hard to improve 
data-MC by tuning 
FSIs within GENIE.

Reduce non-resonant 
background.

Add RPA correction to 
fix low Q2? 

MINERvA nµCC1p+ vs. <%CC1po

- In general, nµCC1p+ has shape, and <%CC1po has norm agreement with simulation

Teppei
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New Measurements (MINERvA)

47

1. Introduction
2. CC0p
3. Nucleon
4. ne vs. nµ
5. Pions
6. Summary

16/12/08

5. Other new MINERvA data (now)

58

MINERvA,PRL117(2016)111801;117(2016)061802,PRD94(2016)012002;93(2016)071101,arXiv:1611.0222

Teppei Katori, Queen Mary U of London

Kaon bombs

Diffractive pion production

nµCC K+ production n(<̅)NC K+ production nµCC coherent K+ production

DIS target ratio

Teppei
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New Recoil Analysis with MINERvA

48

1. Introduction
2. CC0p
3. Nucleon
4. ne vs. nµ
5. Pions
6. Summary

3. ds/dEavail data, MINERvA (now)

16/12/08 37Teppei Katori, Queen Mary U of London

MINERvA reconstruct full inclusive kinematics (which once we thought impossible!)

Double differential distribution shows 
“dip” structure in MC, but not in data

Excess of data around the dip region is 
very large.

MINERvA,PRL116(2016)071802

available energy 
(visible hadron energy deposit) 

↓
energy transfer 

↓
3-momentum transfer

Teppei
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This paper presents a review on the field of inclusive quasielastic electron-nucleus scattering. It
discusses the approach used to measure the data and includes a compilation of data available in
numerical form. The theoretical approaches used to interpret the data are presented. A number of
results obtained from the comparison between experiment and calculation are then reviewed. The
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I. INTRODUCTION

The energy spectrum of high-energy leptons !elec-
trons in particular" scattered from a nuclear target dis-
plays a number of features. At low energy loss !"",

peaks due to elastic scattering and inelastic excitation of
discrete nuclear states appear; a measurement of the
corresponding form factors as a function of momentum
transfer #q# gives access to the Fourier transform of
nuclear !transition" densities. At larger energy loss, a
broad peak due to quasielastic electron-nucleon scatter-
ing appears; this peak—very wide due to nuclear Fermi
motion—corresponds to processes by which the electron
scatters from an individual, moving nucleon, which, after
interaction with other nucleons, is ejected from the tar-
get. At even larger ", peaks that correspond to excita-
tion of the nucleon to distinct resonances are visible. At
very large ", a structureless continuum due to deep in-
elastic scattering !DIS" on quarks bound in nucleons ap-
pears. A schematic spectrum is shown in Fig. 1. At mo-
mentum transfers above approximately 500 MeV/c, the
dominant feature of the spectrum is the quasielastic
peak.

*benhar@roma1.infn.it
†dbd@virginia.edu
‡ingo.sick@unibas.ch

FIG. 1. Schematic representation of inclusive cross section as a
function of energy loss.
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Schematic representation of the inclusive cross section as a function of the energy loss.

• Elastic scattering and 
inelastic excitation of discrete 
nuclear states.

• Broad peak due to quasi-
elastic electron-nucleon 
scattering.

• Excitation of the nucleon to 
distinct resonances (like the Δ) 
and pion production.

Electron-nucleus scattering 
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 Summary
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• Excellent progress in nuclear theory-electron scattering, neutrino scattering 
experimental measurements and neutrino event generator 
- Understanding quasi-elastic interactions, 2p2h process 
- Many theoretical approaches
- Implementing 2p2h process on event generator
- New measurements of electron neutrino scattering
• More connection is needed between nuclear theory and neutrino event generators
• New ideas to analyze electron scattering data to constrain neutrino event 

generators
• Consensus about making less model depend measurements
• Theory community prefers model independent measurements such as muon angle 

and momentum, instead Q2

• DUNE experiment is around the corner, what do we need?
- From theoretical side:  Realistic model description in our event generators
- From experimental side: more understanding of pion production, nuclear effects, 

new data from MINERvA, NOvA, MicroBoNE, SBN program is crucial!


